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ABSTRACT 
FLUID STRUCTURE INTERACTION STUDY OF THE OBSTRUCTIVE SLEEP 
APNEA AND SURGICAL TREATMENT USING SUTURE-PATCH DEVICE 
 ON THE PATIENT’S TONGUE 
by 
Yang Liu 
Dr. Yi-Tung Chen, Examination Committee Chair 
Professor, Department of Mechanical Engineering 
University of Nevada, Las Vegas 
Up to 14% of the U.S. population is estimated to have obstructive sleep apnea (OSA) related to 
obesity, and there is increased incidence occurring worldwide. While treatment with continuous 
positive airway pressure (CPAP) resolves airway obstruction, patient compliance is relatively 
low. Alternative interventions are available to treat OSA patients; however, their outcomes have 
had variable results. For example, current technologies have demonstrated an inability to define 
and treat the specific anatomical site(s) causing the obstruction, resulting in suboptimal 
modifications of the airway and poor control of OSA.  
In the current study, a three-dimensional (3-D) fluid-structure interaction (FSI) numerical 
simulation has been applied to simulate upper airway (UA) collapse, without considering the 
individual muscles. The objective of this study is to demonstrate how to use the two-way FSI 
numerical simulation to study the characteristics of and identify the precise location of an upper 
airway collapse on female and male patients with OSA. This task was accomplished using 
iv 
Simpleware
®
, which is medical image processing software, and ANSYS
®
 Fluent, which is
computational fluid dynamics (CFD) and structural software. Simpleware
®
 is able to process a
patient’s 3-D computed tomography (CT) scan image and render this airway image to ANSYS®
Fluent in order to generate the computational domains of fluid and structure. During FSI 
numerical simulation, areas that are prone to collapse and precipitate apneic episodes were 
identified at the tip of the soft palate and the base of the tongue, with intrathoracic pressures as 
low as -1370 Pa. These results are consistent with anatomical structures that are currently 
indicated and targeted in the treatment of OSA. The negative pressure is similar to previous 
values reported in human esophageal pressure measurements in UA resistance syndrome. This 
improved two-way FSI numerical simulation, which is the first to accurately model the UA 
geometry in OSA, can allow virtual modification of the airway before actual clinical treatment 
by ear, nose, and throat (ENT) medical doctors. 
The improved two-way FSI numerical simulation was later used to model and simulate a unique 
suture-patch device, which can be used to virtually apply force to the tongue. Based on the 
numerical simulation results, this device can effectively reduce the risk of UA occlusion and 
open up the UA at the pharynx 92% of its original area under the peak inhale volume for a 
specific patient. This provides a possible treatment for the patient, instead of conducting tissue 
removal or requiring use of a CPAP mask. Three locations to put the suture-patch device on the 
patient’s tongue were compared in the study, and the suture-patch at location 2 is recommended. 
Next, the bisection method is used to find the minimum force needed to open up the airway from 
occlusion. The results show that 1.25 N is the recommended force. 
Both male and female OSA patients were studied and compared in three different aspects: 
geometry, flow field, and tissue movement. The results from this case study show that tissue 
v 
movement does not depend only on the apnea and hypopnea index (AHI). They show that classic 
symptoms, like snoring, should not be the only diagnosis of OSA. Anyone with restless sleep or 
daytime fatigue, with snoring syndrome, should visit an ENT doctor and have a clinical sleep test 
in order to find out whether he or she has OSA.  
Using the current FSI development, a patient-specific numerical simulation can be carried out 
prior to surgery to virtually audit different treatments, when the patient is diagnosed with severe 
OSA and needs surgical treatment. Then the ENT doctor can discuss the best treatment with the 
patient based on the simulation results. Moreover, ENT doctors and patients will be able to 
visualize the outcome of virtual surgery from numerical simulations. This will give patients more 
confidence and help to alleviate their trepidation about treatment options. Moreover, the patient-
specific numerical simulations can be used to compare different OSA cases to study the 
characteristics they have in common. Therefore, patients can understand more about OSA, and 
ENT doctors can determine the possible ways to conduct the best treatment in the near future.  
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CHAPTER 1 INTRODUCTION TO OBSTRUCTIVE SLEEP APNEA 
1.1 Overview and Background 
Obstructive sleep apnea (OSA), typically defined as a repetitive collapse of the airway causing 
interruption of airflow for 20 to 40 seconds, is a common sleep disorder affecting twenty million 
people in the U.S. alone [1]. Patients with OSA awake several times an hour throughout the night 
and often complain of headaches, chronic fatigue, and difficulty staying awake during the 
daytime. Additionally, cyclically low blood oxygen levels may result in severe conditions, such 
as uncontrollable hypertension, stroke, arrhythmias, pulmonary disease, and even death. 
Although sleep apnea was not named or officially labeled as a syndrome until the twentieth 
century, the record shows that people noticed the symptoms nearly two hundred years ago. In 
Charles Dickens’ novel of The Pickwick Papers, which was published in 1836, “the fat boy” Joe 
exhibited symptoms that are an accurate clinical picture of an OSA patient [2]. In the early 
twentieth century, sleep apnea symptoms started to be lumped together by medical doctor 
Willian Osler, who must have been a reader of The Pickwick Papers, named it as the 
“Pickwickian syndrome.”  
However, the initial investigations about Pickwickian syndrome only consider body fat as the 
reason for the symptoms. Although many patients are overweight, later studies have confirmed 
that obesity is not the only reason. Without a doubt, extra fat around the neck can certainly 
increase the pressure on the throat muscle tissues when a person lies down; however, it cannot 
explain why many slender people, even young children, have the OSA syndrome [3]. 
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From the 1950s to 1960s, researchers were aware of the major problem in OSA: the patients are 
breathing improperly during sleep. Moreover, the researchers have developed a collection of 
symptoms that may happen together. 
Research engaged in determining the reasons, symptoms, and treatments of sleep apnea became 
popular in the 1970s. In the beginning, researchers observed sleep and breathing in dogs, and 
used tracheotomies to treat the condition. At that time tracheotomies were also the treatment for 
humans. Although it sounds scary, it was the only treatment researchers could realize to let air 
flow through airway into the lungs. 
In the early 1980s, Colin Edward Sullivan [4] developed a customized mask for dogs, and later 
humans, for breathing during sleep. The mask delivers positive pressure airflow, which is an 
early form of continuous positive airway pressure (CPAP). The developed mask also worked 
well for five human subjects in an initial study in which Sullivan wanted to promote this kind of 
treatment. Patients did not accept the mask treatment at that time [5], but over the years, CPAP 
has become the standard treatment for many sleep apnea sufferers. 
1.2 Airway Anatomy 
The region of the upper airway (UA) related to OSA ranges from the nasal cavity down to the 
larynx inlet as shown in Figure 1 [6]. The pharyngeal airway includes four areas: (i) nasopharynx, 
which is the lower half of the nasal cavity; (ii) velopharynx, which covers the area level with the 
soft palate; (iii) oropharynx, which is the area level with oral cavity; and (iv) hypopharynx, 
which includes the area below the tongue to the inlet of the larynx. These areas have been 
highlighted and labeled in Figure 2 [7]. 
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Figure 1. Pharyngeal airway in human body [6]. 
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Figure 2. Sub-regions of the pharyngeal airway [7]. 
 
The pharynx is the part of the throat that is behind the nose and mouth and above the larynx and 
esophagus. It is the conducting zone of both the respiratory system and the digestive system. It is 
also the area that is most prone to experience airway collapse. The region of pharynx can be 
divided into three parts from top to bottom, due to the location: nasopharynx, oropharynx, and 
laryngopharynx, as shown in Figure 2. 
The pharyngeal airway wall is formed by four layers of structure: from inside to outside are the 
mucosa layer, fiber layer, muscular layer, and fascial layer. The muscular layer consists of the 
outer constrictor muscles and inner longitudinal muscles; each sub-group consists of three 
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primary muscles each. The constrictor muscle is made up of the superior, middle and inferior 
constrictors, all of which wrap around the airway, as shown in Figure 3 [8]. These muscles 
constrict to propel bolus downwards (an involuntary process). The longitudinal muscle sub-
group is made up of the stylopharyngeus, salpingopharyngeal, palatopharyngeal, which are also 
shown in Figure 3. These muscles descend from origins near the base of the skull and connect to 
different parts of the pharyngeal wall, and their main function is to elevate the pharyngeal wall 
while swallowing. 
 
 
Figure 3. Muscles of the pharynx [8]. 
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1.3 Causes of Obstructive Sleep Apnea 
Most cases of OSA in adults are believed to be initiated by being overweight or obese, which 
cause extra soft tissues in the mouth and throat. When the muscles are relaxed during sleep, these 
soft tissues may cause the airway to suffocate. Increased soft tissue due to obesity around the 
airway brings on a narrowed airway. Others believe the reason of OSA is the loose neurological 
stiffness of the tongue tissue, which may be caused by old age (natural or premature), brain 
injury (permanent or temporary), or drugs and alcohol. The geometry of the UA varies from 
person to person, and it may also determine the breathing status. Moreover, sleeping habits (head 
up or head down, sleeping on the side or the back) are also crucial to apnea characteristics. 
In children’s OSA cases, the cause often includes enlarged tonsils or adenoids. Sometimes dental 
problems, like overbite, will also cause OSA. Studies have shown that bottle-feeding and 
pacifiers promote the formation of a hard palate and narrow arch, characteristics that may cause 
sleep apnea in children [9]. 
1.4 Current Clinical Treatments 
The CPAP device is the most common way of treatment for OSA patients to use during their 
sleep. This therapy involves breathing the ambient air pressurized between 5 and 30 cmH2O 
through either a nasal or full-face mask [10], as shown in Figure 4. By breathing the pressurized 
air, the static pressure within the airway during inhalation increases, and then resists the UA 
collapse. The pressure can be adjusted to match the collapsibility of the individual patient’s 
airway. Although the pressurized air is heated and humidified, breathing the pressurized air may 
cause airway dry up syndrome, which is uncomfortable for most patients. The masks used for 
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CPAP applications usually have holes in them that allow an outflow of exhaled air to escape 
from the mask [11]. 
 
 
Figure 4. CPAP therapy: the mask and the air flow [11]. 
 
While the CPAP devices are effective in preventing apneas in patients who suffer from OSA [12, 
13], they are not very comfortable for many patients to wear, especially when those patients are 
trying to fall into sleep. The process of breathing the pressurized air is also uncomfortable. It can 
result in side effects such as a dry or crusty nose, even though the pressurized air is heated and 
humidified. Therefore, while the use of CPAP devices is effective in preventing apneas, the 
resulting side effects make them unusable for many patients [14]. 
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Oral appliances are used to advance the jaw or hold the patient’s mouth open while they sleep. 
Treatment of OSA by oral appliances is not as effective as CPAP and tends only to be used in 
mild cases of OSA. However, it does improve symptoms [15]. An oral appliance like mandibular 
advancement device (MAD), as shown in Figure 5 [16], works by pushing the lower jaw and 
tongue slightly forward. Most MADs are adjustable, allowing dentists to adjust the position of 
the lower jaw for maximum effectiveness. Similarly, a tongue retaining mouthpiece (TRM), as 
shown in Figure 6 [17], is held by the teeth, but it has a small compartment that sucks the tongue 
forward to prevent it from collapsing back into the airway. The advantages of using oral 
appliances are that they are more user-friendly, have less harmful side effects, and cost less to set 
up [18]. The disadvantages are that they may cause jaw pain or damage, and may cause 
loosening of dental restorations. 
 
 
Figure 5. Mandibular advance device oral appliance therapy [16]. 
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Figure 6. TRM tongue appliance [17]. 
 
Also available are tissue removal treatments, such as tonsillectomy, adenoidectomy, and 
uvulopalatopharyngoplasty (UPPP) to help patients and prevent OSA, as shown in Figure 7 [19]. 
Surgical treatments involve the partial removal of the tonsil, adenoid, or soft palate tissue, while 
the airway walls at the oropharynx level are reshaped; the walls of the oropharynx are tethered in 
the lateral direction to open the oropharyngeal section of the airway. Surgical treatment of OSA 
by UPPP, of which the success rate is less than 40%, is not as effective as CPAP [20]. Since the 
palate is like a valve that separates the nose from the mouth, surgeons should carefully remove 
the right amount of tissue. It has been suggested that the surgical plan and the procedure 
selection should be customized for each patient, which may be more effective in preventing 
obstructions in the oropharynx and velopharynx regions [21]. 
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Figure 7. Before and after UPPP surgery [19]. 
 
Some other methods to treat OSA have been provided by medical doctors in recent years. The 
night shift is a device to be worn on the back in the night, which starts to vibrate when the user 
begins to sleep on the back, and slowly increases the intensity until the user changes sleep 
positions. The pillar procedure puts three small rods in the soft palate to stiffen it, in its way of 
discouraging the apnea. The inspired UA stimulation therapy monitors the breathing pattern from 
the heartbeat and delivers mild stimulation to the hypoglossal nerve, which controls the 
movement of the tongue to keep the airway open. New inventions have been flourishing 
continuously in recent years. However, the treatment for a patient with severe OSA still remains 
a formidable challenge.  
1.5 Health Effects 
11 
 
People who suffer from OSA can experience a wide range of symptoms, and the most common 
is daytime tiredness. It is also shown that OSA increases the likelihood that the patient will suffer 
from cardiovascular diseases and disorders such as high blood pressure, strokes, coronary artery 
disease, and cardiac arrhythmias [22]. It has also been proposed that OSA may affect the body's 
sensitivity to insulin, as well as affecting the patient’s memory and ability to concentrate [23]. 
It has been noted that a person can suffer from OSA even if he or she is not overweight. 
However, it is commonly accepted that patients who suffer from OSA will on average have a 
higher body mass index (BMI) and tend to be more obese than healthy people [23]. More 
specifically, it is shown that OSA patients carry more weight around the neck than weight-
matched controls and snorers who do not suffer from OSA [23]. As well as increased obesity in 
the neck region, a small inset jaw and hyoid bone have also been attributed to causing and 
increasing the severity of OSA by crowding the area around the airway [23].  
1.6 Airway Collapse Pressure 
A common variable used in OSA research is the critical pressure (Pcrit), or the pressure at which 
the pharyngeal airway collapses. The value of Pcrit varies from person to person; however, in 
general, the patient who suffers from OSA has higher Pcrit in the pharyngeal airway, compared to 
an age-and-weight-match healthy person [24]. A healthy person, on the other hand, generally has 
Pcrit less than 8 cmH2O [25, 26]. Suratt et al. [27] have demonstrated that the pharyngeal airway 
of healthy controls will not collapse, while the pharyngeal airway of OSA patients will generally 
collapse at Pcrit values between -17 and -52 cmH2O. This was achieved by subjecting both OSA 
patients and healthy controls to sub-atmospheric pressures. 
1.7 Literature about Numerical Simulations 
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Recent research employing numerical modeling and simulation of the airway study have led to 
useful results and promising possibilities for future applications in OSA diagnosis and treatment. 
Many researchers have used computational fluid dynamics (CFD) to simulate the human UA. In 
2009, Wang et al. [28] used CFD to study the respiratory airflow dynamics within a human UA. 
In the same year, Mylavarapu et al. [29] validated different CFD methodologies used for human 
UA flow simulations. Several studies then attempted to assess and predict the effect of various 
treatments [30-33]. Liu et al. [30] found that the wall shear stress oscillating signal can be 
utilized to quantify breathing quality. Fletcher et al. [31] studied the effect of genioglossal 
advancement with CFD analysis. Mylavarapu et al. [32] assessed four virtual surgeries in 
different combinations with the intention of remedying the obstructed airway, using virtual 
surgery, based on the airway models assessed by comparisons with the pre-treatment flow 
modeling results. Luo et al. [33] used CFD for evaluation of adenotonsillectomy surgery 
outcomes in obese children with OSA. Yu et al. [34] compared statistical differences between 
different apnea-hypopnea index (AHI) groups. Cheng et al. [35] studied ten different cases of 
pressure distributions along the pre- and postoperative UAs, and the results showed a robust 
patient-specific uniqueness. 
Recent research in OSA has integrated CFD with fluid-structure interaction (FSI), which has 
successfully provided better results and more in-depth information from simulations. Sun et al. 
[36] first used FSI for numerical simulation of the soft palate movement and airflow in the 
nasopharynx. Chouly et al. [37] first used FSI in a simplified manner for the geometry of the 
airway at the base of the tongue. With a highly simplified geometry, Chouly et al. could reduce 
the computational time to the order of 10 mins. In 2010, Mylavarapu et al. [38] created a 2-D 
geometry of the whole UA domain and carried out FSI analysis with different inlet and outlet 
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pressures. Huang et al. [39] built a 3-D FSI model to explore the movement of the base of the 
tongue during the breathing cycle. In 2012, Zhu et al. [40] built a 3-D FSI model to study the soft 
palate movement during respiration. In the same year, Wang et al. [41] used the FSI model for 
UA study, and found that the resistance of UA decreased considerably after nasal surgery. Zhao 
et al. [42, 43] developed a novel FSI model to analyze the UA occlusion and flow dynamics in 
OSA patients. However, the pharyngeal structure was described as a “collapsible homogeneous 
tube,” which differs from the real physiological structure. Pirnar et al. [44] predicted soft palate 
flutter during the expiratory period of breathing, and evaluated the flutter frequency by 
performing 3-D FSI simulations of the human UA. They modeled the soft tissue as homogeneous 
and isotropic material, and used the linear elasticity assumption for the soft tissue. 
All the previous published FSI simulations were highly simplified, and only included the tongue 
or the soft palate tissue, so the results may not be accurate. In the present study, the 3-D two-way 
FSI model has been developed using different tissues around the UA, which is more advanced 
than the previously published studies. The developed two-way FSI model has also been used to 
study the effect of a suture-patch device, as well as different behavior between two patients. The 
developed 3-D two-way FSI model can provide a patient-specific simulation, which allows 
medical doctors to visually find the best treatment for patients. 
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CHAPTER 2 MEDICAL IMAGE PROCESSING 
2.1 3-D Geometry Built Up 
The computed tomography (CT) scan images of a 64-year-old female patient (patient A) and a 
61-year-old female patient (patient B) diagnosed with OSA by polysomnography were analyzed 
in the present study. Patient A has a BMI of 35, with an apnea and hypopnea index (AHI) of 
87.6/hr. Patient B has a BMI of 36 with an AHI of 80/hr. The AHI shows the number of 
breathing disturbances (apneas and hypopneas) the patient has per hour, and is the standard 
indicator of the severity of sleep apnea. An AHI of less than 5 is considered normal; an AHI 
from 5 to 15 indicates mild OSA; an AHI from 15 to 30 denotes moderate; while an AHI greater 
than 30 is designated as severe OSA. The patients took CT scans for 20 seconds with the position 
of head-first supine. The ScanIP software from Simpleware
®
 was used to import the two-
dimensional (2-D) CT slice images and then assemble them to the 3-D geometry. Figure 8 shows 
the 3-D CT image of the patients. For patient A, the original resolution of the CT scan images is 
0.475 mm×0.475 mm×1 mm. For patient B, the resolution is 0.467 mm×0.467 mm×0.7 mm. 
Next, the cubic linear resampling was used to set the 3-D resolution to 0.5 𝑚𝑚3. The position of 
the end side was determined by the radiologists who took the CT scans on the patients, and most 
of them have included the whole pharynx. It is noted that the CT scans of those two patients did 
not include the entire nasal cavity. Therefore, the nasal cavity is not included in the 
computational domain in the present study.  
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Figure 8. 3-D CT images of patients A and B. 
 
2.2 Segmentation of Airway Tissues and Bones 
In the gray-scale CT image, the denser the object is, the lighter the color is shown. For example, 
the bone is seen as bright white and the air is seen as dark black, with different tissue densities 
falling in a continuum between these extremes. Because the respiratory tract is distinguishable, it 
can be easily separated from the rest of the anatomy. This sharp contrast is then used to create 
the three-dimensional (3-D) geometry of the air tract without surrounding tissues. Figure 9 shows 
the mid-sagittal plane of the grayscale CT images and their extracted 3-D respiratory tracts, 
which are the fluid domain, to the right. These two models include the airway in the nasopharynx, 
velopharynx, oropharynx, and laryngopharynx. These encompass the entire area that may be 
involved in the airway collapse responsible for OSA. 
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Figure 9. Respiratory tract-the fluid domain for patients A and B. 
 
After the upper respiratory tract is modeled, the soft palate and the tongue are focused on, as they 
are believed to be the regions that are most possible to collapse. Moreover, the soft palate and the 
tongue cannot be easily assessed or analyzed without the surrounding tissues, so that the soft 
tissues under the tongue, hyoid bone, and epiglottis, as well as the surrounding walls, including 
the lateral and posterior walls, have been considered together in the proposed study models. 
After manually separated different parts in alternate layers, the ScanIP software was used to 
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build up the 3-D masks for the tissues and bones, and smooth them with the Gaussian smoothing 
filter to reduce the human error in the drawing.  
For the next step, the 3-D segmented finite element model is built using ScanIP. The compound 
coarseness slider control is used to control the mesh density, and the element type is set as 
quadratic tetrahedral. Additional mesh quality improvement has been used to reduce the 
maximum volume skewness. The tissues that surround the respiratory tract after segmentation 
are shown in Figure 10. The soft palate is shown in yellow, and the tongue is shown in red. The 
green denotes the surrounding walls, the ivory represents the bone, and the blue stands for the fat 
tissues under the tongue. It is very challenging to handle the contact surfaces when there are 
more than two tissues connecting together at a specific location. In this situation, the surfaces 
have to be carefully smoothed to prevent sharp corners or tiny island. On the one hand, the 
geometry of each tissue should be smooth enough to allow the continuous meshing and 
simulation. On the other hand, there should not be space left between different parts with partial 
contact. A compromise choice is to leave a few small islands where three or more tissues connect 
together, so that the contacted tissues can all be smooth. Figure 11 shows the segmented 
geometry in the 3-D view. 
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Figure 10. 2-D segmentation of the geometries for patients A and B.  
 
 
Figure 11. 3-D segmentation of the geometries for patients A and B. 
 
19 
 
It can be seen that the two patients have different breathing habits. Patient A totally breathes in 
through the nose. Her soft palate is fully attached to the tongue, which results in no air intake 
from the mouth. Oppositely, patient B totally breathes air in from the mouth. Her soft palate is 
closely contacted with the back wall, without letting air intake from the nose. Interestingly, the 
two patients’ physiological structures illustrate two different breathing types. The research has 
clearly pointed out that breathing through the nose is the correct way, with the most advantages 
[45, 46]. However, for the sleep apnea patient whose airway is experiencing occlusion, mouth 
breathing is an alternate way to acquire enough oxygen intake during sleeping. 
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CHAPTER 3 ELASTICITY EXPERIMENTS 
3.1 Specimen Preparation 
The respiratory system of a pig is very similar to that of a human because pigs and humans have 
high physiological and anatomical similarities [47]. Therefore, the pig has served as the valued 
preclinical specimen for the current research. Five fresh porcine heads weighing about 30 pounds 
each were obtained from a local butcher shop and stored at 4ºC before the experiments, which 
were conducted within one day of acquisition. The ears and facial fat were removed to facilitate 
mounting of the heads in different positions on the experimental board, which contains a metal 
platform with holes that allow the specimens to be securely screwed into place.  
3.2 Mechanical Apparatus 
The dynamic mechanical analysis (DMA) testing apparatus consists of the Bose 8000 
Electroforce test instrument linked to the WinTest DMA software (Bose
®
 Corporation, 
Electroforce System Group, Minnesota, USA) as shown in Figure 12 [48]. The porcine head was 
immobilized by mounting it on the metal platform with screws in different orientations to allow 
access to different anatomical structures of the pharynx. For the tissues that could be accessed 
directly through the mouth, a metal rod with one end mounted on the mobile DMA platform was 
securely affixed to the specific anatomical structure (i.e. the base of the tongue) on the other end. 
Dermabond
®
 tissue glue was used to securely glue the tissue to the tip of the rod as shown in 
Figure 13. Alternatively, a metal wire was sewn peripherally into the tested tissue and secured 
with a metal crimp to avoid slipping of the wire during testing. The free end of the wire was then 
secured, using the same technique, to the mobile platform of the instrument with the minimal 
amount of tension to ensure there was no lag in the wire during testing, as shown in Figure 14. 
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The experimental test was carefully carried out to ensure that the specimen was not damaged or 
tainted by the traction of the rod or metal wire. 
 
 
Figure 12. (a) Schematic of the DMA 8000 analytic train; (b) DMA 8000 analytic train [48]. 
 
 
Figure 13. Porcine head fixation and metal rod connection. 
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Figure 14. Porcine head and metal wire connection. 
 
3.3 DMA and the Viscoelastic Voigt Model 
For each anatomical structure, a 3 mm deformation was requested in the form of amplitude. The 
force is applied through the DMA instrument until the requested amplitude at several preset 
frequencies ranging from 1 to 30 Hz is measured. The applied displacement and force were 
recorded and used to calculate the complex dynamic stiffness K
*
, which is the ratio of force to 
displacement along with a phase angle δ, between the peak force and the peak displacement. The 
storage and loss stiffness 𝐾′ and 𝐾′′ were then derived using Equations (1) and (2).  
𝐾′ = 𝐾∗(𝑐𝑜𝑠𝛿) (1) 
𝐾′′ = 𝐾∗(𝑠𝑖𝑛𝛿) (2) 
The storage and loss moduli 𝐸′ and 𝐸′′ were obtained by normalizing 𝐾′ and 𝐾′′, respectively, 
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𝐸′ =
𝐾∗(𝑐𝑜𝑠𝛿)
𝑆
 
(3) 
𝐸′′ =
𝐾∗(𝑠𝑖𝑛𝛿)
𝑆
 
(4) 
where S stands for the shape factor depending on the geometry of the sample. For a rectangular 
specimen, with width a, height b, and depth l, the shape factor S is calculated as follows: 
𝑆 =
𝜋𝑎𝑏
4𝑙
 
(5) 
Most soft tissues exhibit a nonlinear, heterogeneous, inelastic, nearly incompressible, and 
anisotropic characteristic, which may differ by point and alter with time. However, it may be 
adequate to model their behavior within the circumstance of the viscoelasticity theory under 
specific conditions of interest [49]. Soft tissues show both solid-like and fluid-like manners, and 
they often exhibit characteristic behaviors of viscoelasticity. Since breathing is a cycling process, 
the pressure exerting on the soft tissues changed nearly sinusoidally based on the change of the 
intrathoracic pressure from time to time [50]. The deformation of the tissue lags behind the force. 
The viscoelastic properties can precisely describe those hysteresis phenomena and are also 
considerably beneficial for the FSI simulation. 
The viscoelastic Voigt model, as shown in Figure 15, is one of the viscoelastic models that 
presents the parallel combination of a linear spring with modulus of elasticity E and a dashpot 
with viscosity μ, which has previously been shown to describe the viscoelastic response of the 
biological tissue [51]. It can be used to describe the UA tissue properties obtained from the 
experimental measurements, 
σ = Eε + με̇ (6) 
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where σ is the stress, μ is the viscosity of the dashpot, E is the Young’s modulus, ε is the strain, 
and ε̇ is the rate of change with respect to time. 
 
 
Figure 15. Viscoelastic Voigt model of the tissue. 
The complex dynamic modulus E* can be calculated using Equation (7), 
E∗ = E′ + iE′′ = E + iμω (7) 
and the phase angle of the complex modulus is defined as follows, 
δ= tan−1(
𝐸′′
𝐸′
) = tan−1(ωμ/E) 
(8) 
3.4 Validation of Constrained Method against Previous Studies 
For elasticity measurements, it is essential that the samples remain unconstrained or unconfined 
laterally as they are tensed or compressed axially. If the sample is constrained laterally, then the 
constrained Young’s modulus will be larger than the unconstrained Young’s modulus [52]. 
Constrained experiments are requisite to be validated since the elasticity from the constrained 
method has not been performed by previous researchers. Standard unconstrained experiments 
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were carried out using resected (free) porcine middle tongue tissue and compared to the results 
from the previous publications. Cuboid pieces of tongue were cropped and fixed between the 
mobile DMA arm and the immobile platform with one plastic clamp on each side, as shown in 
Figure 16. Samples were carefully oriented to assess both anterior-posterior (AP) and superior-
inferior (SI) planes. 
 
 
Figure 16. Unconstrained measurements: porcine tongue tissue being held between plastic 
clamps. 
 
The constrained experiments were carried out with the porcine mandible mounted on the test bed 
as shown in Figure 17. In this configuration, the maxilla (upper jaw bone) and superior structures 
were removed, and the mandible (lower jaw bone) and inferior structures were isolated, so the 
tongue maintained its attachments to the surrounding soft tissues and bony supports. 
Dermabond
®
 glue was used to adhere the base of the tongue to a 0.91 cm diameter round surface 
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at the end of the 20 cm long stainless steel lever arm of the DMA instrument. The axial stress 
was applied to different regions of the tongue with this technique. 
From these experiments, the Poisson’s ratio of the tongue was calculated using the formula as 
follows: 
 𝑌0 = 𝑌𝑏(1 −
2𝜈2
1 − 𝜈
) 
(9) 
where 𝑌𝑏  denotes the unconstrained Young’s modulus, 𝑌0  stands for the constrained Young’s 
modulus and 𝜈 represents the calculated Poisson’s ratio [52]. 
 
 
Figure 17. Constrained measurements: porcine tongue tissue intact with the lower jaw. 
 
The Poisson’s ratio was found to be 0.497, with an error of 1.4%, compared to the common 
value of 0.49 reported by other researchers [53, 54]. In addition, the Young’s modulus calculated 
27 
 
from the constrained experiments is averaged to a value of 4822.8 Pa. This obtained value of 
stiffness is medium compared to previously published moduli obtained by other researchers 
using magnetic resonance enterography (MRE) or compress method, as shown in Table 1. 
Therefore, the obtained experimental results are validated, and the constrained measurements are 
able to acquire the viscoelasticity of other tissues. Two assumptions have been made here: firstly, 
the porcine tissue has the same stiffness as human tissue; secondly, the resultant force deviation 
from the long thin rod in the experiment is omissible. The near-wall tissues, such as the soft 
palate, pharyngeal walls, and fat under the tongue, are hard to be sectioned and properly placed 
between clamps. The constrained method is more flexible to test these anatomical structures with 
different ways of attachment.  
 
Table 1. Comparison with the Young’s modulus from other researchers. 
Reference Young’s modulus of tongue (Pa) Method 
Cheng et al. [53] 8010 MRE (magnetic resonance enterography) 
Malhotra et al. [55] 6000 Ex-vivo 
Xu et al. [56] 3500 Ex-vivo 
Payan et al. [57] 15000 Ex-vivo 
Gerard et al. [58] 1140 Ex-vivo 
Present study 4822.8 Ex-vivo 
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3.5 Specially Designed Testing for the Epiglottis  
Similar unconstrained experiments were carried out for the walls of the UA, including the lateral 
and posterior pharyngeal walls, which have different bony attachments leading to various 
degrees of stiffness. The soft palate and fat under the tongue were also tested using the 
unconstrained method because the tissues are too small to be placed between the clamps. Since 
soft tissues are mainly composed of water, they can be considered as the quasi-incompressible 
material. On account of the simplicity, the value of 0.49 is used as the Poisson’s ratio for all soft 
tissues [53, 54], and the Poisson’s ratio of 0.3 is used for the epiglottis cartilages [39]. 
Different from other tissues, the epiglottis is mainly cartilage. Notably, the tip of the epiglottis 
moves in an anterior-posterior way to block the trachea while swallowing. The experiment for 
the epiglottis is carried out when the left side, right side, and bottom side of the epiglottis are all 
fixed, and the wire penetrating through the epiglottis is used to drag from the tip of the epiglottis, 
as shown in Figure 18. 
 
 
Figure 18. Unconstrained measurements: epiglottis cartilage. 
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3.6 Results and Discussions 
3.6.1 Tissue test in lateral and axial directions 
A cubically shaped tissue cut from the middle of the tongue was tested in both anterior-posterior 
(AP) and superior-inferior (SI) planes to calculate the Young’s modulus in both lateral and axial 
directions. The obtained results are shown in Table 2. Not surprisingly, the elasticity of the 
tongue was found to be anisotropic, with a distinctive difference of 68.87% in the Young’s 
modulus between the AP and SI directions. The tongue is made up of several muscles with fibers 
organized into bundles that run in different directions at different depths [59, 60]. This unique 
anatomic feature likely accounts for the anisotropic elasticity of the tongue tissue, as the 
compliance of the tissue is different depending on whether the force is applied along or across 
the muscle bundle.  
 
Table 2. The Young’s modulus of the middle of the tongue from the unconstrained experiment. 
 
Young’s Modulus Anterior Posterior 
(AP) 
Young’s Modulus Superior 
Inferior (SI) 
Trial 1 3700 Pa 1016 Pa 
Trial 2 3220 Pa 995 Pa 
Trial 3 3016 Pa 1082 Pa 
Average 3312 Pa 1031 Pa 
Standard 
Deviation 
351 Pa 45.4 Pa 
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Comparing the two planes in the anatomically intact model, the most substantial and important 
movements of the tongue are expected to be in the AP plane, which is also the major movement 
that causes airway narrowing in the patient with sleep apnea symptoms. Therefore, these AP 
calculations are assumed to be the most critical data for the numerical simulation. In this present 
study, for simplification, the tongue is assumed as the isotropic material with the elasticity in the 
AP direction. In the future work, the anisotropic elasticity of the tongue should be studied for a 
more precise and realistic model. As mentioned by Yousefi et al., tongue as a combination of 
various muscles surrounded by the mucous membrane is a complicated architecture to study [61]. 
To study the anisotropic elasticity of the tongue, the properties of different muscles and mucous 
need to be studied, and the research in this field has not been fully established. Proper 
constitutive models need to be developed for each muscle and mucus, too.  
Moreover, this comparison showed an advantage of ex vivo experiment over magnetic resonance 
enterography (MRE). The former can be used to conduct the test on a particular spot in any 
specific direction, while the latter can only be used to capture the stiffness based on the graphics, 
without considering the directional difference. 
3.6.2 The constrained Young’s modulus vs. frequency 
The constrained Young’s modulus vs. requested frequency is shown in Figure 19. It can be found 
that the constrained Young’s modulus is dependent on frequency, which it dramatically increases 
when the frequency exceeds 20 Hz. This feature may be explained by the fact of that the 
interactions among the actin, elastin, resilin, and abductin in the tissue can lead to protein-protein 
network-like structures when the frequency is suddenly increased [54]. Since the normal human 
breathing rate is 15-20 times/minute, the Young’s modulus at 1 Hz can be designated from the 
experiments, and it can be used in the present FSI simulation. 
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Figure 19. Comparison of the constrained Young’s modulus at different requested frequencies. 
 
3.6.3 The Young’s modulus calculated from the constrained measurements 
Table 3 displays the data calculated from the constrained Young’s modulus of the different 
tissues tested at the frequency of 1 Hz and the requested deformation of 3 mm.  
 
Table 3. The Young’s modulus calculated from the constrained measurements (@ 1 Hz, 3 mm). 
Position Young’s modulus E*(Pa) Storage Modulus E’(Pa) Loss Modulus E”(Pa) 
Base of tongue 5984.2 4822.8 3537.2 
Upper tongue 2959.9 2717.3 1170.5 
Soft palate 3127.8 2897 876.82 
Lateral wall 4705.1 4379.1 1715.6 
Posterior wall 5417.4 5010 2055.3 
The fat 3346.8 3216.8 920.02 
Epiglottis 31942.5 30822 8350.5 
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From these data, it can be found that the tissues have distinct degrees of elasticity that correlate 
with intrinsic tissue characteristics and connections to surrounding structures. For example, the 
body of the tongue (the most anterior portion of the tongue in its anatomical position) was found 
to be the most elastic, which correlates with its untethered nature, and it is free to move in 
several different directions. The soft palate was also found to be a relatively lenient structure, 
which corresponds with a single, broad bony attachment (to the hard palate) at the anterior face 
of the structure, while the posterior portion and uvula dangle into the oropharynx. Additionally, 
the soft palate consists of mucosa lining very thin layers of the muscle, which provides minimal 
resistance to stretch. The submandibular tissue, taken as the single entity in its anatomical 
position, was found to be stiffer than both the tongue and soft palate from the experiments. This 
finding is interesting, as the submandibular space is mainly composed of fatty tissue and glands 
that are loosely associated and can be easily dissected from each other. The stiffness of this area 
can be explained by the encasing mucosa and muscle, which is tethered tightly to the mandible 
under the tongue. The individual tissues, therefore, do not act as separate objects; instead, they 
are enveloped as a single “package” that is unable to expand as freely as the individual pieces if 
the test were done separately.  
The base of the tongue, which is considered to be the principal structure involved in UA collapse 
for OSA patients during sleep, was found to be the most unyielding soft tissue of all tested. It 
correlates well with its tightly tethered position to underlying bony structures and thick 
musculature makeup.  
The epiglottis was calculated to be five times stronger than the base of the tongue. This may 
explain the fact of that most sleep apnea patients have suffocation at the base of the tongue 
instead of the epiglottis, which looks like a swing part from the CT scanning. In the later study, 
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in Chapter 4, the two-way FSI system coupling simulation was conducted to provide detailed 
movement at the tip of the epiglottis to illustrate this phenomenon. 
3.6.4 The advantage and limitation of constrained experiments 
This is a pilot study to investigate the viscoelastic properties of porcine UA using constrained 
methods. Traditional unconstrained experiments need to cut the samples down and fit them into 
the testing instruments. The vital benefit of the constrained test method is that the tissues were 
tested exactly with their surroundings in reality. Because of the existence of the stress from the 
surrounding tissues, the constrained results could be more realistic and reliable. Furthermore, 
since the properties of the tissue can be tested without cutting it off from the whole body, under 
the premise that there is enough space to conduct the experiment, even living human tissues 
could be tested with only slight epidermal damage. However, everything has two sides. The 
constrained experiment also has its limitations. It always shows that the extent of deformation is 
higher than the expected value because deformations from other skin, nerves, and muscles are all 
added to the tested tissue under the given force. Moreover, deviation should always be taken into 
account when a testing rod is used. 
3.6.5 Precondition 
In the tissue experiment, the preconditioning procedure is a very important step. The reason why 
the preconditioning procedure is needed for the tissue specimen, or why the load-elongation 
curve might shift, is because the internal structure of the tissue could change with the cycling 
[54]. After the tissue is tested on the testing machine, the researchers need to test for the load-
elongation curve by loading and unloading at a constant or a slowly changing frequency, then let 
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the tissue be rested about 10 min, and repeat the same procedure. This difference will decrease 
after the tests are repeated several times, which is called the preconditioning procedure. 
3.6.6 Reasons for the difference compared to the published data 
Firstly, the characteristics of the soft tissue not only differ by point, but also vary with time [62]. 
The soft tissues show both solid-like and fluid-like manners and they often exhibit viscoelasticity 
behaviors. Although the viscoelasticity properties can be determined by in-vivo and ex-vivo 
experiments, these values show great variation in viscoelastic parameters for different human or 
animal tissues. Secondly, most ex-vivo experiments are tested with human cadavers, which have 
a variety of changes occurred after death. Stiffening of muscles is well recognized and is known 
as algor, livor, and rigor mortis, respectively. Unfortunately, the time frame for such changes has 
great variation among individuals. It usually begins within several hours of death, maximizes at 
6-12 hours, and is thought to pass off by approximately 50 hours [63]. Temperature, humidity, 
reason of death, time of being frozen and unfrozen, length of experiments, and so on, are all 
factors adding to the unpredictability to the viscoelastic properties of the tissue. Thirdly, porcine 
cadavers were used in the present study, and there could be a difference between human and 
porcine tissues. All these reasons can possibly explain why there are some variations compared 
to the published data. 
3.6.7 Future use of the constrained method 
The key point in this experimental study is to use constrained measurement to calculate the 
Young’s modulus for different tissues in the UA; whereas other researchers only tested the 
tongue and soft palate. Hereafter, the obtained results from the measurement data can be used in 
the present two-way FSI numerical simulation. Furthermore, the testing method can be used in 
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other tissue tests, or other material tests, which are not easily tested unconstrainedly, or need to 
be measured in some special circumstance. Using MRE, it is possible to test the properties that 
belong to the tissue/cartilage; however, using ex-vivo constrained experiments, one may find 
more realistic and reliable results, which can be related to the surrounding tissues.  
3.6.8 Viscoelasticity vs. linear elasticity 
As mentioned in section 3.3, a viscoelastic material has an elastic component and a viscous 
component, while an elastic material only has an elastic component. An elastic material does not 
dissipate energy when a load is applied and removed. However, a viscoelastic material loses 
energy when a load is applied and removed. Figure 20 shows the load-displacement curve of the 
epiglottis at the tested frequency of 1 Hz. The hysteresis loop in the load-displacement curve 
shows the amount of energy loss in a loading and unloading cycle. The small hysteresis area 
shows that the energy loss through a loading cycle is relatively small compared to the total 
energy storage. In addition, the relation of the load and displacement is close to a linear relation, 
especially during the loading process, which has a maximum error of 0.09 𝑁 at 𝑑 = 2.97 𝑚𝑚, 
and the coefficient of determination is 𝑅2 = 0.989. The unloading process has a maximum error 
of 0.30 𝑁 at 𝑑 = 1.78 𝑚𝑚 and a coefficient of determination 𝑅2 = 0.686, which represents a 
larger but acceptable degree of linear correlation. Moreover, linear load-displacement relation 
results in linear stress-strain relation, which can be used to simplify the constitutive equations 
and save the computational cost. As a result, the viscoelasticity was simplified as linear elasticity 
in the later simulation.  
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Figure 20. Load-displacement curve of the epiglottis at the tested frequency of 1 Hz. 
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CHAPTER 4 FLUID-STRUCTURE INTERACTION NUMERICAL MODELING 
4.1 Coupled System and Governing Equations 
For the fluid domain, the estimated maximum Reynolds number is calculated with Equation (10) 
based on the air density of  1.138 𝑘𝑔/𝑚3  at 37°C, average velocity of  1.95 𝑚/𝑠 , hydraulic 
diameter of 0.0188 𝑚  (calculation based on area and parameter at inlet of the UA at nasal 
cavity), and dynamic viscosity of air of 1.77 × 10−5 𝑘𝑔/𝑚 ∙ 𝑠, 
𝑅𝑒 =
𝜌?̅?𝑑
𝜇
= 2357 
(10) 
which indicates the fluid flow inside the UA to be transitional. The standard k-ω turbulence 
model is appropriate to be used to simulate this complex flow [38]. 
 
The fluid sub-problem is governed by the incompressible Navier-Stokes equations [39-44], under 
the Arbitrary Lagrangian Eulerian (ALE) framework in the deformable domain 𝛺𝐹. The velocity 
?⃗? = ?⃗? (𝑥, 𝑦, 𝑧, 𝑡)  and the pressure  𝑃 = 𝑃(𝑥, 𝑦, 𝑧, 𝑡) , inside the fluid domain at time t are 
expressed as follows: 
∇ ∙ ?⃗? = 0 (11) 
𝜕?⃗? 
𝜕𝑡
+ (?⃗? ∙ ∇)?⃗? = ν∇2?⃗? −
1
𝜌𝑓
𝛻𝑃 (12) 
where 𝜌𝑓 is the fluid density, ?⃗?  is velocity vector, ν is the kinematic viscosity.  
The standard k-ω turbulence model that is used as the closure for the Reynolds-averaged Navier-
Stokes (RANS) equations is shown below, 
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𝜕𝑘
𝜕𝑡
+
𝜕
𝜕𝑥𝑗
(𝑢𝑗𝑘) = 𝜏𝑖𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗
− 𝛽∗𝑘𝜔 +
𝜕
𝜕𝑥𝑗
[(𝜈 + 𝜎∗𝜈𝑇)
𝜕𝑘
𝜕𝑥𝑗
] (13) 
𝜕𝜔
𝜕𝑡
+
𝜕
𝜕𝑥𝑗
(𝑢𝑗𝜔) = 𝛼
𝜔
𝑘
𝜏𝑖𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗
− 𝛽𝜔2 +
𝜕
𝜕𝑥𝑗
[(𝜈 + 𝜎𝜈𝑇)
𝜕𝜔
𝜕𝑥𝑗
] (14) 
where k is the turbulence kinetic energy and 𝜔 is the specific rate of dissipation of kinetic energy, 
𝜈𝑇 =
𝑘
𝜔
 represents the kinetic eddy viscosity, 𝛼, 𝛽, 𝛽∗, 𝜎, 𝜎∗ are closure coefficients developed 
by David C. Wilcox [64], and 𝛼 = 13 25⁄ , 𝛽 = 9 125⁄ , 𝛽∗ = 9 100⁄ , 𝜎 =
1
2
, 𝜎∗ = 3 5⁄  are used 
in the present study. 
 
For small deformation, linear relationship between the stress and strain, with no yielding 
produced, the structure sub-problem under the Lagrangian framework in the reference domain 𝛺𝑠 
is governed by the linear constitutive relations, which can be expressed in tensor notation as: 
the equations of motion, 
𝜌𝑠
𝜕2𝑑𝑖
𝜕𝑡2
=
𝜕𝜎𝑖𝑗
𝜕𝑥𝑗
+ 𝐹𝑖 (15) 
the strain-displacement equations, 
𝜖𝑖,𝑗 =
1
2
(
𝜕𝑑𝑗
𝜕𝑥𝑖
+
𝜕𝑑𝑖
𝜕𝑥𝑗
) (16) 
the constitutive equations for isotropic homogeneous material, 
𝜎𝑖𝑗 =
𝐸𝜈
(1 + 𝜈)(1 − 2𝜈)
𝜀𝑘𝑘𝛿𝑖𝑗 +
𝐸
(1 + 𝜈)
𝜀𝑖𝑗 (17) 
where Fi is the force, 𝑑i is the structural displacement, t is the time, 𝜌 is the density, σij is the 
solid Cauchy stress tensor, εij is the strain, 𝜈 is the Poisson’s ratio, and E is the Young’s modulus. 
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The two-way FSI coupling procedure is characterized by iterations between the deformable 
structure and the internal fluid flow. Commencing with the fluid flow field, the interface loads 
are calculated and applied to the solid domain, which is then solved to extract the wall 
displacement to update the fluid domain. The domains are updated and solved until the two 
solutions reach an agreement with a given relative tolerance of 1 × 10−3.  
4.2 Boundary Conditions 
The setup of the boundary conditions is critical and important to obtain the correct solution. In 
previous publications [41, 43], either pressure inlet/outlet, or flow rate inlet have been used as 
boundary conditions. Cheng et al. [35] pointed out that the outlet pressure varies by each 
patient’s specific UA geometry. Gupta et al. [65] studied the volumetric flow rate range 
regarding weight. It has been concluded that both the pressure and the flow rate is not a fixed 
value for everyone, and they both changed within a range. The pressure difference between the 
inlet and outlet varies from several pascals to several hundred pascals, and the flow rate varies by 
body weight, gender and severe level of illness. One method used by several former researchers 
[41-43] is to ramp up one parameter and double check the other parameter to see whether it is in 
the right range. Compared using pressure with using flow rate as the boundary condition, the 
results only have a difference at the inlet, since the velocity is averaged at the inlet using the flow 
rate boundary condition. Since using the pressure boundary condition provides a faster 
convergence rate [66], the flow simulations are performed while ambient static pressure 
conditions are set at the inlet of the computational domain (pharyngeal plane). The outlet 
pressure was set to vary in the sinusoidal fashion from 0 Pa to -2000 Pa and back to 0 Pa in 1.66 
s. Normal people have three breaths in ten seconds, so each breath in process roughly takes 
3.33/2 = 1.66 s. The turbulence intensity of 6.02% was calculated from 𝑅𝑒 and used for the 
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simulation. On the surrounding walls of the UA, the Dirichlet boundary condition of velocity 
?⃗? (𝑥, 𝑦, 𝑧, 𝑡) = 0⃗  is used, which represents the no-slip boundary condition. Smoothing and 
remeshing methods are used for fluid and structure interface deformation during the dynamic 
simulation process. The coupling between the pressure and the velocity fields is implemented 
through the semi-implicit method for pressure-linked equations (SIMPLE) algorithm [67]. The 
uniform time step of 0.001 s is applied, which can provide accurate two-way FSI coupling results 
within the reasonable computing time [68].  
For the boundary condition of the tissues, the surfaces in contact with the spine, hard palate, and 
lower teeth are set as constraints. With the Dirichlet boundary condition, the displacement vector 
is 𝑑 (𝑥, 𝑦, 𝑧, 𝑡) = 0⃗  and the hyoid bone is free to move horizontally in the x-y plane. The upper 
and lower boundaries are constrained in the z-direction and free to move in the x-y plane. The 
airway walls are set as the coupling interface,  
?⃗? =
𝜕𝑑 
𝜕𝑡
 (18) 
𝜎𝑓 ∙ ?⃗? 𝑓 = 𝜎𝑠 ∙ ?⃗? 𝑠 (19) 
where 𝜎𝑓 and 𝜎𝑠 are the Cauchy stress tensor in the Newtonian fluid field and in the structural 
field, respectively, and ?⃗? 𝑓 and ?⃗? 𝑠 are the normal vectors. 
Also, the contact between the soft palate and the tongue is crucial in considering the soft palate 
and the tongue movement. This contact relation is described by frictionless contact. In this study, 
the gravitational acceleration is not added externally because the CT was taken when the patient 
was lying down, which means the effect of gravity was already taken into account in the original 
geometry. The density of the soft tissues and bones are  1100 kg/m3  and 1850 kg/m3 , 
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respectively, based on the experimental data obtained from fresh porcine head cadavers [69]. The 
Poisson’s ratio is set as 0.49 based on the soft tissues being considered as roughly incompressible 
materials. The Young’s moduli used for the soft palate, tongue, fat, and surrounding walls are set 
as those values listed in Table 3. The Young’s modulus and the Poisson’s ratio for the bones are 
1.37 × 1010 Pa and 0.3, respectively [39]. Xu et al. [56] compared the linear and nonlinear 
material models. The relative error in the strain was less than 5% over the stretch ratios up to 
1.19 [56], while in the present work the stretch ratio is less than 0.1. 
 
4.3 Solver Settings 
The fluid simulation was done using ANSYS
®
 Fluent 17.2. The pressure-based solver is used 
with the absolute formulation for the velocity field. The standard k- turbulence model was 
selected with 6.02% backflow turbulent intensity and 0.02 m as the hydraulic diameter, which 
was calculated at the inlet of the UA at the nasal pharynx. The SIMPLE algorithm was used to 
solve the pressure-velocity coupling, and the spatial discretization of the pressure and 
momentum are both second order; the spatial discretization of the turbulence kinetic energy and 
the dissipation rate are both first order. Humid air is used as the working fluid with a constant 
density of 1.24 𝑘𝑔/𝑚3 and the dynamic viscosity of 1.79 × 10−5 𝑘𝑔/𝑚 ∙ 𝑠. The solid mechanic 
simulation was done with using ANSYS
®
 transient structural 17.2. The direct sparse solver is 
used with numerical damping control. The Newton-Raphson residual is set as 4, and the large 
deflection is turned on. The two-way system coupling is done with the ANSYS
®
 workbench 17.2, 
where the interface loads from the fluid flow field are calculated and applied to the solid domain, 
which is solved next to extract the wall displacement to update the fluid domain. The domains 
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are updated and solved until the two solutions reach an agreement with a given relative tolerance 
of 1 × 10−3.  
4.4 Mesh Independence Study 
The 3-D fluid sub-model of patient A is meshed using the Simpleware
®
 ScanIP software with 
linear tetrahedral elements, as shown in Figure 21. The fluid-solid interface is selected for mesh 
refinement in order to obtain a better description of the boundary layer velocity gradient. The 
boundary layer mesh has four layers with the viscous layer thickness less than 0.2 mm, where the 
dimensionless wall distance 𝑦+  is controlled below 5. To establish the validity of the CFD 
solutions, a mesh independence study was performed. Five different node densities, with node 
numbers 4985, 5954, 8811, 24307, and 76805, were studied, and a straight line from the inlet to 
the outlet was chosen from the fluid field (including inlet, outlet, high-speed area, and near wall 
area) to compare the computational solution, as shown in Figure 22. As the mesh becomes finer, 
the velocity and pressure are barely influenced by the nodes’ density. The fine mesh with 24307 
nodes and 17805 4-node tetrahedral elements, which shows the percentage error less than 3%, is 
the optimum mesh on the premise of guaranteeing the quality of the numerical solution. 
Similarly, a mesh study with the 3-D structure sub-model was accomplished. The tetrahedral 
elements were employed due to the complex morphology of individual tissue components 
although the hexahedral elements are preferred for modeling the nearly incompressible materials. 
The structural meshes with the number of quadratic tetrahedral elements of 255665, 575457, 
1514290, and 2799865 were compared, and the second one, with 575457 tetrahedral 10-node 
elements was selected for simulation, with which the percentage error is less than 3%. 
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Figure 21. Meshed fluid geometry based on patient A. 
 
 
Figure 22. Comparison of (a) velocity and (b) pressure distribution along the typical line 
computed using different mesh resolutions based on patient A.  
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CHAPTER 5 STUDY OF UPPER AIRWAY COLLAPSE 
5.1 Investigation of Velocity Field in the Pharynx 
Figure 23 (a) ~ (d) shows the velocity streamlines at four different instants t=0.1 s, 0.2 s, 0.3 s, 
and 0.35 s of the inhalation process, respectively, based on patient A. As shown in Figure 23, 
the jet flow [70] was formed when the cross-sectional area dramatically decreased from the 
nasopharynx to the velopharynx, and largely increased from the velopharynx to the oropharynx. 
The maximum speed of the jet flow in this study is about 65.8 m/s, and the Mach number is 
about 0.19. Since the Mach number is less than 0.3, the incompressible flow assumption can be 
properly used in the present study. As shown in Figure 23, a major recirculation occurs below 
the most restricted region of the airway, which is located right after reopening into the 
oropharynx. This recirculation flow at the oropharynx is formed by the flow separation in the 
hypopharynx. The separated flow later traveled back to the oropharynx with strong circulating 
movement within this region. Then the kinetic energy was passed to the eddies with smaller 
length scales and was converted to heat by viscous dissipation. A minor recirculation region 
was formed where the airway narrows around the epiglottis. A smaller swirl was formed 
between the epiglottis and the base of the tongue. As a result, this recirculation region also 
dissipates the kinetic energy of the flow. 
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Figure 23. Velocity streamlines in the upper airway at different times (a) 0.1 s, (b) 0.2 s, (c) 0.3 s, 
(d) 0.35s based on patient A. 
 
5.2 Investigation of Wall Shear Stress 
The wall shear stress (WSS) distribution is studied along the polyline, where the posterior wall 
and the mid-sagittal plane intersect. As shown in Figure 24, from 0 to 0.3 s, the shear stress 
increases obviously as the pressure difference between inlet and outlet increases. From 0.3 s to 
0.35 s, the WSS decreased in the velopharynx region, but it continually increased in the 
collapsing region behind the tip of the soft palate. This is because when the tip of the soft palate 
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moved toward the back wall it caused the middle of the soft palate to be slightly bent. Then it can 
relatively enlarge the cross-sectional flow area in the velopharynx region. 
 
 
Figure 24. Wall shear stress along the anterior polyline (intersection of the sagittal plane and the 
FSI interface) based on patient A. 
 
5.3 Investigation of Pressure Field in the Pharynx 
The pressure contour of the horizontal cross-sectional planes is shown in Figure 25 (a) ~ (d). It 
demonstrates the low-pressure region at the pharynx, especially at the tip of the soft palate. 
Based on the Bernoulli’s theory, the high velocity flow would result in low static pressure. As 
the pharyngeal pressure went lower, the pressure difference between the inner air pressure and 
the outer ambient pressure dramatically increased, and this pressure difference can gradually 
47 
 
cause the upper airway to collapse. The pressure gradient in the oropharynx was larger than other 
regions on account of the pharyngeal jet so that the major recirculation zone occurred in this 
region. As time went forward, the tip of the soft palate gradually moved closer to the side wall 
until they were fully touching. The soft tissue would further move back until the UA was fully 
collapsed. As mentioned by Cheng et al. [53], the pressure distribution varies from person to 
person due to the different shape of the UA. It is important to conduct a patient-specific 
simulation for each patient. Solving such a largely deformed geometry normally requires a long 
time and high computational cost, but using the curve fitting the simplified prediction of the time 
for the airway to collapse can be obtained, as shown in Figure 26. Based on the polynomial curve 
fitting, it can be predicted that at the time 0.37 s, the tip of the soft palate will contact the side 
wall; at the time 0.4 s, the airway will fully collapse at the tip of the soft palate region, while the 
flow area of the collapsing region becomes zero. When the airway is fully collapsed, the patient 
is still in the middle of the inhaling process. This means patient A’s UA will not open 
immediately, because she has not breathed in enough air yet. This correlates with the fact that 
patient A has been diagnosed with severe OSA. If the suffocation persists and fully blocks the 
airway, apnea will happen for a period of a few seconds to several minutes during sleep. It can be 
predicted that the tip of the epiglottis will have a maximum deformation of 1 mm, and it will not 
contact the back wall after the tip of the soft palate is fully collapsed. This correlates with the 
clinical observation that the apnea does not occur in the epiglottis region. This is due to the 
relatively higher stiffness of the cartilage in the epiglottis and the holding force from the 
surrounding tissues. 
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Figure 25. Pressure contour of the horizontal planes of the upper airway at time (a) 0.1 s, (b) 0.2 
s, (c) 0.3 s, (d) 0.35s based on patient A. 
 
 
Figure 26. Prediction of (a) the first point touching and (b) full closure of the upper airway based 
on patient A. 
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5.4 Investigation of Wall Displacement 
Figure 27 shows the displacement at four different parts: 1) the tip of the soft palate, 2) the base 
of the tongue, 3) the tip of the epiglottis, and 4) the hyoid bone based on patient A. The results 
indicate that the wall displacement was closely related to the fluid pressure change, as shown in 
Figure 27. The tip of the soft palate has experienced the largest displacement among the tissues 
over time, as the soft palate was predicted to collapse at first. The base of the tongue also moved 
back when the pressure in the oropharynx reduced. Furthermore, it can be found that the 
epiglottis displacement was less than that of the soft palate and the base of the tongue, which is 
only about 1 mm. This is due to the stiffness of the cartilage and the holding force from the 
surrounding tissues. The maximum deformation vector obtained from the simulation occurred at 
x=2.38 mm, y=7.18 mm, z=2.78 mm with the magnitude of 8.06 mm at the time of 0.35 s, which 
is observed at the tip of the soft palate, as shown in Figure 28. The airway is predicted to be fully 
collapsed as the intrathoracic pressure drops to -1370 Pa at 0.4 s.  
It should be pointed out that the collapsible region correlates reasonably well with the published 
results [42, 43]. The Reynolds number of 2357 used in this study is also close to the one of 2900 
studied by Zhao et al. [42, 43]. Also, Zhao et al. only used a 2 mm homogeneous thin layer tissue 
in their study, which means their results are less accurate and patient specific, compared to the 
obtained results from the present two-way FSI coupling simulation. Moreover, the intrathoracic 
pressure of -1370 Pa used in the present numerical simulation is the same order of magnitude as 
reported by Guilleminault et al. [25, 26]. These medical testing results show that the collapse of 
the UA typically occurs when the intrathoracic pressure falls between −20  to −40  cmH2O, 
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which is equivalent to −1961.3 to −3922.6 𝑃𝑎. The difference could be caused by the subjects’ 
clinical characteristics. 
 
 
Figure 27. Deformation at four locations: the tip of the soft palate, base of the tongue, tip of the 
epiglottis, and hyoid bone based on patient A. 
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Figure 28. Deformation and stress vs. time at the tip of the soft palate based on patient A. 
 
5.5 Conclusion 
In this chapter, the patient-specific 3-D two-way FSI coupling simulation of OSA patient A’s 
UA was developed from the CT images to study the fluid flow and soft tissue deformation during 
the partial breathing cycle. As the intrathoracic pressure decreased to -1370 Pa, the tip of the soft 
palate first reached the side wall and subsequently induced total blockage of the UA. The 
pressure distribution, velocity streamlines, and accurate location of the collapse region are 
computed and found to provide excellent first-hand clinical surgery support. This improved two-
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way FSI coupling study surmounts the previously published work, which only used a 
homogeneous layer of tissue surrounding the UA. The present simulation starts a new approach 
in studying OSA by modeling the different parts along the airway.  
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CHAPTER 6 ASSESSMENT OF POSSIBLE TREATMENTS: SUTURE-PATCH DEVICE 
6.1 Description of the Device and Material Selection  
Using sutures for tongue suspension surgery has been proposed for decades, but the outcome 
varied from different statistical surveys [71, 72]. The stress in the suture highly depends on how 
the surgeon tightens it, and it is uncertain whether or not the suture will cut through tissues. 
Inspired by tongue piercing, medical doctors burgeoned out the idea of adding a suture-patch 
device, which can control not only the magnitude of the force on the suture, but also the time to 
apply the force. Since the main purpose is to pull the tongue forward, the study case of patient B 
is used in the assessment to provide a possible healing result. 
The suture-patch device is intended to exert force to the base of the tongue with a suture and a 
patch on patient B, as shown in Figure 29. The suture goes from the epidermis to the fat under 
the tongue, through the digastric muscle, through the tongue from the middle where there is an 
approximately 2 mm wide hollow, and ends with a patch. Since the procedure is similar to 
tongue piercing, it may not cause too much discomfort during the healing process. The patch can 
be pasted on the surface of the tongue, or it can be worn with a little suction force that can hold it 
to the tongue. The purpose of using a patch is to let the force evenly apply on the tongue and 
reduce possible penetration due to high normal stress.  
Medical doctors have suggested the diameter of the patch to be between 1 and 1.5 cm. Based on 
the size of the UA and the shape of the tongue in patient B, 1.33 cm is selected as the diameter of 
the patch. Three different locations: above the velopharynx (Patch location 1), at the velopharynx 
(Patch location 2), and below the velopharynx (Patch location 3) were selected to virtually apply 
the patch. The suture is straight from the center of the patch to the middle point right under the 
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lower jaw, so that the device can be easily fixed to the lower jaw. The present study focuses on 
the suture, patch, and force analysis, while the mechanical device will be designed by other 
student in future work. 
 
 
Figure 29. The suture-patch locations in the tongue on patient B. 
 
The suture has to be non-dissolvable with low plasticity and strong thread memory (not flexible, 
non-braided), and works better with a round point type straight needle. The suture’s surface 
should be smooth and even with good pliability. The suture’s diameter is optimized with the 
diameter of 0.8 mm to prevent possible tissue cut through the tongue. Also, the suture should be 
pulled perpendicularly to the patch to reduce the shear stress on the tongue surface tissue. In the 
numerical simulation, it is assumed that the suture has very small plasticity so that it can retain 
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its length and strength after it is stretched. In other words, the shape change of the suture can be 
neglected. Then the force can be assumed to be constant through the suture.  
The patch can be shaped to fit the surface of the tongue using the ScanIP software, and it then 
can be fabricated from a 3-D printer. The patch is designed as a round shape with the diameter of 
1.33 cm and a thickness of 0.8 mm. The thickness was determined with the consideration of a 
computational cost in numerical simulation. However, in reality, the thickness of the patch can 
be 0.1~0.2 𝑚𝑚, as long as it is smooth with no sharp edge. The stiffness of the patch should 
also be considered. The patch should be light and soft; when people swallow or talk, it should 
move with the tongue without causing an uncomfortable foreign matter feeling for the patient. In 
addition, it has to be firm because it is placed to exert the force evenly on the base of the tongue 
in order to pull the tongue forward. The material of the plate is critical. Medical grade of 
titanium is chosen in the present study due to its high strength-to-weight ratio and its corrosion 
resistance. The material of titanium is also durable and long-lasting, as well as especially non-
ferromagnetic. 
The linear elasticity of different tissues used in the present study was obtained from published 
papers and previous experiments mentioned in Chapter 3. 
6.2 Velocity Streamlines with and without Force 
As mentioned in the previous section, the two-way FSI system coupling simulation was 
performed to study the upper airway obstruction. On the fluid side, the pressure difference 
between the inlet and outlet was ramped up from 0 to 200 Pa. The 3-D continuity and Navier-
Stokes equations and the 𝑘-𝜔 turbulence model are solved with the SIMPLE algorithm. Figure 
30 shows the velocity streamlines without and with 5 N force on the suture at patch location 2, 
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and the color represents the magnitude of the velocity with the same legend. It can be found that 
the UA collapsed at the oropharynx without applying the force of 5 N. Shortly after the air 
flowed into the airway from the inlet of the mouth, a small recirculation occurred because of the 
fluid flow area being reduced where the hard palate was close to the middle of the tongue. A 
stronger recirculation occurred at the cavity between the tip of the soft palate and the back wall. 
The disturbance around the epiglottis is less than those mentioned by the previous literature [73], 
because the epiglottis, in this case study, is fully contacted with the inferior wall which results in 
no bifurcation. This could be a patient-specific phenomenon. After the force of 5 N was added 
along the suture, the airway was opened up, not only in the velopharynx region, but also in the 
area that under the hard palate. The air flow was slower and smoother after the force of 5 N was 
applied along the suture. 
 
 
Figure 30. Velocity streamlines of the UA with (a) no force; (b) 5 N force based on patient B. 
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6.3 The Study of Upper Airway Collapse 
The horizontal cross-sectional planes were taken at eight different locations, whose distances 
from the outlet are 66 mm, 62 mm, 58 mm, 54 mm, 50 mm, 46 mm, 42 mm, and 38 mm in turns, 
as shown in Figure 31. As shown in the figure, the upper airway collapse happened at the fourth 
plane where the right side of the soft palate has touched the tongue. The fifth and sixth planes 
also encounter the similar “touch.” At that specific moment, the volume flow rate is 0.39 L/s, and 
the average velocity at the velopharynx is 22.0 m/s. After the soft palate touches the base of the 
tongue, the reduced area will cause the pressure to drastically drop at the pharynx, which may 
expedite the upper airway collapse procedure.  
 
 
Figure 31. Cross-sectional plane showing the location of collapse based on patient B. 
 
With the same pulling force of 5 N, the cross-sectional areas of the eight planes were calculated 
and compared as shown in Figure 32. Without considering the device that connected the suture to 
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the mandible, patches 2 and 3 can each open up plane 4 about 92% of its original area and give 
wider space for the air to flow through. Additionally, the increased pharyngeal area will result in 
a pressure rise, followed by the reduction of the soft palate deformation, and further reduces the 
likelihood of snoring. Patch 1 performed better in the upper area but did not perform well in the 
collapsing region. By contrast, both patches 2 and 3 performed well in the collapsing region. 
However, patch 3’s vertical position might result in an uncomfortable feeling, because it is close 
to the epiglottis. If the applied force is released in the daytime, then the patch may slip 
downward along the airway and it can easily cause choking. Therefore, the location of Patch 3 is 
not suggested. Based on this preliminary study about this specific patient B, the location of Patch 
2 is suggested, which is located right in front of the tip of the soft palate. It can open up the 
airway about 92% of its original area with a 5 N pulling force along the suture. 
 
 
Figure 32. The area change due to the location of the patch based on patient B. 
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6.4 The Patch Position Study 
The deformation contours with 5 N forces applied along the suture at the three patch locations 
during the inhaling process are shown in Figure 33. It can be found that with the applied force, 
the UA was opened up from collapsing. The soft palate would not collapse with the tongue after 
the force was applied. In fact, on each side of the tongue, there is one palatoglossal muscle 
connected to the soft palate that can drag the soft palate forward. However, the muscles and their 
interaction effects have not been considered in the present simulation due to the complication 
and complexity of numerical modeling. If the soft palate is dragged forward by the palatoglossal 
muscle, the airway from the nose will be opened up, which is also a promising result. It is 
noticed that the three patches are not along the same vertical line because the respiratory tract is 
not straight. 
 
 
Figure 33. The deformation contour with 5 N force applied along the suture at the three patch 
locations based on patient B. 
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6.5 The von-Mises Stress  
Figure 34 shows the von-Mises stress produced in the suture, patch, and tissues. As expected, 
variations of stress amplitudes are perceived in the suture and through the tissues. In the suture, 
the stress is up to 20 MPa, which results from the 5 N force on the small contact area on the tip 
of the suture. However, the stress on the tongue tissue is only several kPa. The area of the patch 
can largely reduce the normal stress on the tongue so that the equivalent stress in the tongue 
tissue is greatly reduced. In formerly published work, the maximum active stress values in the 
tongue tissues are around 150 kPa [28], but the von-Mises stress in the current study is much 
smaller than this “limit.”  
 
 
Figure 34. The von-Mises stress on the suture and in the tissue with 5 N force applied along the 
suture at the three patch locations based on patient B. 
 
61 
 
6.6 The Minimum Force Required 
In the previous section, the initial value of 5 N is used as the pulling force. This is because the 
medical doctor has done clinical experiments on ramping up the pulling force on the tongues of 
volunteer patients and has concluded that the tongue can bear the maximum force of 22 N with a 
gentle drag. It is uncomfortable but the patient is still able to bear it. The patients feel more 
comfortable when the force is 5 N or less. Therefore, in the previous section, 5 N was used as the 
initial force to find the feasibility of using the suture-patch device to open up the UA. In this 
section, the bisection method is used to find the minimum force needed to open up the UA. The 
bisection method is a root-finding method that repeats bisects at an interval and selects a 
subinterval where the root lies for further processing. In this case, it is used to bisect the interval 
of effective and ineffective opening up of the UA until the minimum force able to open up the 
airway is found.  
Prior to the bisection method, the distance between the tongue and the soft palate, where the 
collapse happens with no external force, is measured. Since the tip of the soft palate is where the 
collapse originally happened, the minimum distance should reach 0 mm when the UA is fully 
closed. Since both the solid and fluid mesh experience abrupt changes after the collapse of the 
tongue and the soft palate, the time increment needs to be extremely small, and the 
computational time may exceed a month to solve for the fully collapse study. The clinical 
experiences provided from the collaborating medical doctors have indicated that, if the minimum 
distance after adding the force is still below 1 mm, it can be considered as collapsing; otherwise, 
it is not collapsing. Therefore, the cross-sectional plane 4, which is 33.5 mm down from the inlet, 
is selected to study for the minimum force that can prevent the UA from collapsing. 
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Firstly, 2.5 N was applied along the suture as shown in Figure 35 (a). It can be seen that with 2.5 
N, the patch was still able to pull the tongue away from the soft palate. The distance between the 
tongue and the soft palate on the left and right side were measured as 1.68 mm and 1.18 mm, 
respectively. Based on the collaborating medical doctor’s suggestions, 2.5 N is able to open up 
the UA for the patient B.  
For the next step, the interval between 0 N and 2.5 N was bisected, and the mean value of 1.25 N 
was used as the applied force. The deformation contour is shown in Figure 35 (b). The distance 
between the tongue and the soft palate on the left and right side were 1.60 mm and 1.13 mm, 
respectively. This means that 1.25 N is still able to open up the UA for patient B.  
Next, the interval between 0 N and 1.25 N was bisected, and the mean value of 0.63 N was used 
as the applied force. The deformation contour is shown in Figure 35 (c). The distance between 
the tongue and the soft palate on the left and right side were 0.51 mm and 0.12 mm, respectively. 
This means that 0.63 N is not able to open up the UA for patient B. 
Then the interval between 0.63 N and 1.25 N was bisected, and the mean value of 0.94 N was 
used as the applied force. The deformation contour is shown in Figure 35 (d). The distance 
between the tongue and the soft palate on the left and right side were 0.86 mm and 0.84 mm, 
respectively. This means that 0.94 N is less than the required force to open up the UA for patient 
B. 
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Figure 35. Top view of the cross-sectional deformation contour of plane 4 as (a) 2.5 N (b) 1.25 N 
(c) 0.63 N (d) 0.94 N force applied along the suture. 
 
The bisection stops when the interval is small enough, because a human being may not feel the 
difference of 1.25 N and 0.94 N force with the tongue. Then the higher cap is taken into 
consideration, and it is suggested that the force with the magnitude of 1.25 N is sufficient to open 
up the UA.  
The reason why the current results did not show the full collapse is that the contact between the 
tongue and the soft palate resulted in negative volume in the fluid domain during simulation, 
which stopped the two-way system coupling. Thus, in the current study, the polynomial curve 
fitting, as mentioned in Chapter 5, was used to predict the condition of the fully collapse. The 
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comparison of cross-sectional areas at selected planes with different forces applied along the 
suture was obtained, as shown in Figure 36. It can be seen that when the pulling force is 0, the 
area of plane 4 is also 0, which means full collapse started from plane 4. Plane 4, which is 
located at the velopharynx, is the area most prone to collapse. This result is in good agreement 
with the previously published results by Zhao et al. [44] and Wang et al. [41]. It can be seen that 
the cross-sectional area varies widely on planes 3, 4, and 5 when the different pulling forces are 
applied. This is because the center of the patch is on plane 4, so that the effect of the pulling 
force is reasonably shown on planes 3, 4, and 5. 
 
 
Figure 36. The cross-sectional area of plane 4 as 0-5 N forces applied along the suture. 
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The cross-sectional area has also been compared with the original area of the CT scan, as shown 
in Figure 37. It shows that when the pulling force is 0.63 N, the cross-sectional area is smaller 
than the original one. This can be explained by the fact that the force from the fluid flow is 
stronger than the pulling force from the suture to the patch. The force of 0.94 N is able to balance 
with the force induced by fluid flow and the force of 1.25 N is sufficient to open up the upper 
airway.  
 
 
Figure 37. The cross-sectional area of plane 4 as 0.63-5 N force applied along the suture 
compared with the original area in the CT scan. 
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The collapse pressure in patient B is one order of magnitude lower than patient A, which 
indicates that the pressure difference varies from person to person, as mentioned by Cheng et al. 
[35]. However, the location of where the collapse may occur is in good agreement between the 
two presently studied patients and several published FSI system coupling results [40-42, 44].  
6.7 Conclusion 
In this present study, the suture-patch device to relieve the sleep apnea symptoms on patient B 
was presented and analyzed. The patch can be fabricated by a 3-D printer to better match the 
person’s tongue shape, and the suture can be easily acquired from a hospital or medical supplier. 
The force can be controlled with a spring control device screwed on the lower jaw, which will be 
designed by another student in future work. The results show that with 5 N pulling force, the 
suture-patch device could open up the UA for this specific patient B. Three patch locations and 
the corresponding suture positions were studied, and the best of them could open up the UA 92% 
of its original area. The stress on the surface of the tongue was simulated and it showed using the 
patch can largely reduce the equivalent stress in the tissues. The bisection method has been used 
to find the minimum force of 1.25 N to open up the UA. Since every patient has a unique 
breathing habit and UA geometry, an individual patient-specific two-way FSI coupling 
simulation study is highly recommended when a suture-patch device is considered to be a 
possible treatment. 
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CHAPTER 7 COMPARISON OF A MALE AND A FEMALE PATIENT 
7.1 Geometry Difference between the Male and the Female Patient 
In this study, a male patient and a female patient were compared in terms of the geometry, fluid 
patterns, and tissue movement to identify common and inconsistent features. The male patient is 
58-year-old with an AHI of 47/hr. The female patient is 64-year-old with an AHI of 87.6/hr. The 
AHI values show that the female patient has a more severe OSA. The CT scan images were 
imported into the ScanIP software and the medical image processing was carried out using the 
same procedures as mentioned in Chapter 3. From the reconstructed CT images, it can be seen 
that the male patient has a larger size of oropharynx compared to the female patient. The distance 
from the tip of the soft palate to the hyoid bone, which is the length of the oropharynx, was 
measured. The male’s oropharynx length is about 7.28 cm and the female’s is 3.68 cm. Moreover, 
the width/height ratio of the tongue was measured, and the male patient’s ratio is 0.95 compared 
to the female’s 0.79. It matches the clinical observation of that the male patient always has the 
larger flatter tongue. Furthermore, male OSA patients are claimed to have a larger cross-
sectional area in their UA [74]. This agrees with the researcher’s measurements that the male and 
female patients’ narrowest cross-sectional areas are 3.0 𝑐𝑚2 and 0.9 𝑐𝑚2, respectively. Figure 
38 shows the midsagittal CT images of the male and female patients, and their fluid domains are 
shown on the right hand side. 
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Figure 38. Respiratory- fluid domains of the male (a) and female (b) patient. 
 
7.2 Boundary Conditions and Solver Settings 
In the two-way FSI coupling simulation, the breathing pattern was modeled as a sinusoidal 
airflow with a peak volume flow rate of 25 L/min (average volume flow rate of 8 L/min), and 
within the period of 3.3 s [44]. By defining the flow rate, the researchers aimed to perceive the 
different behaviors of the two patients under the same breathing flow rate. A gauge pressure of 0 
Pa was set at the inlet with an adjustment to the nasal cavity effect. The hydraulic diameters of 
3.43 cm and 1.87 cm for the male and female patients, respectively, were used for the numerical 
simulation. The turbulence intensities of 6.8% and 6.7% were calculated from the Reynolds 
numbers 860 and 1036, based on the male and female patients, respectively. The smoothing and 
remeshing methods were used to adjust the moving meshes during the dynamic simulation. The 
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coupling between the pressure and the velocity field is implemented through the SIMPLE 
algorithm. On the structure side, the spine, hyoid bone, and mandible were set as the fixed 
supports. The top and bottom of the tissues are fixed in the z-direction, which is able to move 
horizontally. The contact between the tongue, soft palate, and pharyngeal walls are set as 
frictionless contact, while other tissues are bonded to the adjacent bone or tissue.  
The density and elastic properties of the soft tissues and the bones are the same as those 
mentioned in Chapter 4. The difference in tissue stiffness between the male and the female 
patient was not considered in this comparison. The ANSYS
® 
workbench 17.2 is the platform 
used to conduct the two-way FSI system coupling. The studied model was run on the 22-core 
Dell
®
 PowerEdge T630 Tower Server with 128 GB memory. The calculation took about four 
days for each case. A uniform time increment of 0.001 s is applied during the simulation, which 
can provide accurate FSI results within the reasonable computing time [68].  
7.3 Investigation of the Flow Field and Tissue Movement 
7.3.1 Comparison of the fluid flow field 
Though it was found that the male patient has a longer and flatter respiratory tract, it is not direct 
evidence to support the severity level of OSA. Thus, without considering the tissue stiffness and 
the nerve sensitivity, two-way FSI coupling simulation is used to compare the two patients’ 
performance under the same breathing pattern and strives to find any common or inconsistent 
features between the two patients.  
Both the male and the female patients’ respiratory tracts were equally separated into 11 sections 
and the pressure contours of the two patients are shown in Figures 39 and 40. Both the male and 
female patients have negative pressure over the whole fluid domain during the inhaling process. 
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The negative pressure pulled the tissues together towards the UA collapse. The lowest pressure 
showed at the velopharynx next to the tip of the soft palate (the 4
th
 plane for both cases). The 
female patient showed a lower pressure while inhaling because of her smaller sized respiratory 
tract. The pressure was all positive during the exhaling process, which is in good agreement with 
clinical observation that the UA is expanding during exhaling. The area-weighted average of 
pressure along the UA at the moment of peak flow rate during inhaling (t=0.83 s) and exhaling 
(t=2.48 s) are shown in Figure 41. The two patients’ averaged pressures along the UA have the 
same trend. However, the female patient has a wider range of pressure change. This is caused by 
her smaller sized respiratory tract.  
 
 
Figure 39. Pressure contour at different time for the male patient. 
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Figure 40. Pressure contour at different time for the female patient. 
 
 
Figure 41. Area-weighted average of pressure along the upper airway at the peak flow rate 
(a) the male patient (b) the female patient 
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Figures 42 and 43 show the streamlines at the peak inhale and exhale air flow rate in between the 
two zero flow rate situations. The velocity streamlines showed the female patient had a higher air 
flow velocity than the male patient, which is because the same flow rate was used for the two 
patients. The male patient has a wider area of recirculation at the oropharynx, especially behind 
the tongue. However, the average velocity of the recirculating fluid is smaller than that of the 
female patient. It is also observed that there was reverse flow on the nasopharynx side for both 
patients at the peak exhaling flow rate. This was caused by the adverse pressure gradient between 
the velopharynx and the nasopharynx during the exhaling process. It led to the reduction of the 
momentum of fluid flow, and thus the air flow was decelerated. Flow became nearly stagnant 
and the velocity was reversed, driven by the pressure difference.  
  
 
Figure 42. Velocity streamlines at different time for the male patient. 
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Figure 43. Velocity streamlines at different time for the female patient. 
 
7.3.2 Comparison of the soft palate movement 
Figure 44 shows the soft palate movement of the male patient in the y-direction. Regular 
oscillation was observed during the exhaling process. The Fast Fourier Transform (FFT) showed 
that the oscillation occurred with the frequency of 8.8 Hz. This frequency is about half of the one 
mentioned in Pirnar’s paper [44]. However, the oscillation that showed when exhaling instead of 
inhaling is in reasonable agreement with that paper. The direction of the soft palate movement 
was the same as in Pirnar’s paper after the inlet pressure was adjusted. The adjustment is to add 
pressure loss in the nasal cavity, which is not included in the present simulation. 
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Figure 44. Tip of the soft palate movement at different time for the male patient.  
 
Figure 45 shows the soft palate movement of the female patient. The soft palate deformation was 
about three times higher than that of the male patient, which is caused by the higher magnitude 
of the pressure in the female patient’s upper airway. There is no frequency that stands out from 
the rest in the magnitude figure, which means the female’s soft palate did not experience a 
regular vibration. It means that the soft palate would directly fall back until the UA is fully 
collapsed. It is obvious to find that the male patient has stronger soft palate vibration than the 
female patient. This appears in contrast with the AHI test. Normally, the severe OSA patient has 
the stronger vibration symptoms of the soft palate. The obtained simulation results from this 
study may change the way of the first judgment of the OSA, based on the patient or their 
 8.8 Hz 
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relative’s observation about the classical symptoms like snoring. Patients with less snoring, or 
even no snoring, may have more severe OSA.  
 
 
Figure 45. Tip of the soft palate movement at different time for the female patient.  
 
7.4 Conclusion 
This is a pilot study to compare one male and one female patient, both with severe OSA. Their 
geometry characteristics are in good agreement with the clinical observations. Their flow pattern 
and tissue movements have been studied and show that although the female patient has more 
severe OSA indicated by a higher AHI value, the male patient is more prone to show the 
classical symptoms like snoring. One male and one female patient do not constitute a statistically 
representative sample of the population. More case studies are needed to support the medical 
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hypothesis that women might show less classical symptoms and are underdiagnosed with OSA 
[75]. However, this case study shows although the female patient did not show the classic 
symptom of snoring, she might be diagnosed with sleep apnea or even severe sleep apnea.  
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CHAPTER 8 CONCLUSIONS AND FUTURE WORKS 
8.1 Conclusions 
OSA is a breathing disorder that causes direct and indirect symptoms in millions of patients. Fine 
medical CT data from two female patients and one male patient with severe OSA were obtained 
from the collaborating medical doctor and used in the present study. 3-D geometries were built 
from the CT scans using Simpleware ScanIP. The segmentation was made based on the medical 
image threshold and clinical experiences. The physical properties of important tissues in the UA 
were obtained from tests with porcine heads, and the results matched with published data, which 
are in good agreement with clinical consensus. The testing method could be further used in-vivo 
to test the patient-specific elasticity in live persons with slight epidermis damage, especially for 
those who are not able to take MREs.  
A new way of solving the UA occlusion using two-way FSI coupling numerical simulation was 
studied. It was observed in patient A that the soft palate fell back and reached the back wall as 
the intrathoracic pressure went down to -1370 Pa. A further complete collapse, when the cross-
sectional area reaches 0, was predicted by the curve fitting. The pressure, velocity streamlines, 
wall shear stress, and displacement at different locations were studied and compared. The upper 
airway collapse location, shown from the system coupling, agrees well with previously published 
works. The study provides excellent first-hand clinical surgery support. Also, the present two-
way FSI coupling simulation is the first one to include all the UA surrounding tissues with 
different properties.  
Additionally, a two-way FSI coupling numerical simulation was used to assess the outcome of 
surgery in patient B, placing a suture-patch device to exert force on the tongue. A novel suture-
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patch was introduced and investigated virtually. The patch is shaped and sized based on the 
shape of the tongue. Three locations of patch placements were studied. The force of 5 N applied 
along the suture with patch location 2 was found to efficiently prevent airway collapse in patient 
B. Since the 5 N force was the initial value based on the clinical experiments, the bisection 
method was then used to strive for the minimum force needed. The results showed that the 
minimum force of 1.25 N needed to be exerted on the suture to prevent the tongue and the soft 
palate from collapsing, for the specific patient.  
Further, air flow fields and tissue movement studies for one male patient and one female patient 
were compared under the same breathing rate. The male patient has a larger and flatter UA 
geometrically, and has a larger recirculation area in the fluid field. Moreover, the male patient 
has a stronger soft palate vibration than the female patient. This seems contrary to the fact that 
the female patient has been diagnosed with the higher AHI value. This case study shows that 
although the female patient did not exhibit a classic symptom like snoring, she may have serious 
sleep apnea syndrome.  
This present work provides a pathway for developing possible medical treatments in the future. 
Also, the correct numerical simulation results can help medical doctors and patients to visualize 
the virtual results of different treatments.  
8.2 Future Research 
Only three severe OSA patients were studied in the present work. To test the statistical success 
of surgery, or to support the hypothesis using the numerical simulation study, more OSA patients 
with mild, medium, and severe OSA need to be studied.  
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Additionally, 3-D custom molded soft tissues can be used to test the experimental feasibility of 
the suture-patch device in future work. After the suture-patch device is successfully implemented 
on 3-D custom molded soft tissues, it can then be tested on English bulldogs reported with severe 
OSA. Finally, it can be tested on volunteer patients, and the previously mentioned personal-
specific two-way FSI coupling numerical simulation can be used to predict results and optimize 
individual designs.  
Moreover, the human body is very complicated with different muscles and nerves, as is the 
pharynx. In the present study, the muscles and their interaction effects are excluded from the 
numerical simulation because of the complication and complexity of numerical modeling. 
Adding the human muscles and nerves into the numerical simulation will certainly make the 
results more realistic and reliable, and will be a highly desired topic for the study of OSA in the 
future.  
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